Electron transport in a two-terminal Aharonov-Bohm ring with a few shortrange scatterers is investigated. An analytical expression for the conductance as a function of the electron Fermi energy and magnetic flux is obtained using the zero-range potential theory. The dependence of the conductance on positions of scatterers is studied. We have found that the conductance exhibits asymmetric Fano resonances at certain energies. The dependence of the Fano resonances on magnetic field and positions of impurities is investigated. It is found that collapse of the Fano resonances occurs and discrete energy levels in the continuous spectrum appear at certain conditions. An explicit form for the wave function corresponding to the discrete level is obtained.
merically [9, 10, 11] . Results of those papers are in qualitative increment 85 with the results obtained in the framework of the one-dimensional model.
86
In particular, the one-dimensional model describes correctly quantum inter-87 ference phenomena if the width of the ring is much smaller then its radius 88 [11] . We assume that the ring contains N short-range impurities at points P i 94 (i = 1, . . . N). All perturbations are described by the same method using can put ϕ 1 = 0. The wires W j are modeled by semiaxes x ≥ 0. We suppose 101 that the ring is placed in the magnetic field B perpendicular to the plane of the system. The magnetic flux through the ring is denoted by Φ = πρ 2 B.
103
The electron Hamiltonian of the unperturbed ring is given by the following equation [5] 
Here m * is the electron effective mass, η = Φ/Φ 0 is the number of magnetic 104 flux quanta and Φ 0 = 2π c/|e| is the magnetic flux quantum.
105
The eigenvalues of the Hamiltonian H ρ are well known
where m is the magnetic quantum number.
106
The electron Hamiltonian H j of each wire W j has the form
The electron wave function of the device may be represented in the form of one-column matrix
where ψ ρ is the wave function on the ring S ρ , and ψ j are wave functions in 107 wires W j .
108
The impurities are described by the potential
where δ(ϕ) is the Dirac δ-function, and coefficients V j define the strength of the point perturbations. It should be mentioned that the potential V (ϕ) is equivalent to the boundary conditions of the following form
where ψ ′ ρ means the derivative of ψ ρ on angle ϕ and v j = 2m * ρ 2 V j / 2 is the 109 dimensionless parameter determining the strength of the point perturbation.
110
The contacts are modeled with the help of the zero-range potential theory [32, 33, 34, 35, 36, 37] . If there were no contact between different parts of the system then the Hamiltonian H 0 should have the form
The direct sum in Eq. (7) conditions for the wave function at points of contacts.
114
The most general form of the conditions may be obtained from the operator extension theory [37] 
where ψ ′ j is the derivative of ψ j on x, a j are complex parameters of dimension 115 of length, while b j and c j are real parameters of the same dimension (here j = 116 1, 2). In the framework of the approach each contact is characterized by four 117 real parameters. We note that the same general form of boundary conditions 118 may be obtained from the current conservation law for each contact.
119
In the present paper, we will restrict ourselves by the case of continuous one-dimensional wave function at the point of contact that corresponds to equal effective width of the ring and the wires. One can see from Eqs. (8) that parameters a j , b j and c j should be equal in this case. It is convenient to represent them in terms of the dimensionless coupling constant u j by the equation
Then the boundary conditions are written in the form
where j = 1, 2.
120
To obtain the transmission coefficient we have to find a solution of the Schrödinger equation that is the superposition of incident and reflected wave in the first wire and corresponds to propagated wave in the second wire. Consequently, the wave function in the wire W 1 has the form
where r is the reflection amplitude and k = √ 2m * E/ is the electron wave number. The wave function in the second wire is given by
where t is the transmission amplitude.
Since the Hamiltonian H 0 is perturbed by the zero-range potentials the wave-function ψ ρ (ϕ) can be represented in terms of the Green function
Here A j (E) are coefficients which should be determined from the boundary 122 conditions.
123
The Green function of the Hamiltonian H ρ is well-known [5]
where "plus" sign corresponds to ϕ ≥ ϕ j and "minus" sign should be used 124 otherwise.
125
We denote [37, 38] . Applying the boundary conditions (6) and (10) to the wave function given by Eqs. (11)- (13), we obtain the system of N + 4 equations
Using two last equations we can represent r and t in terms of α j . Then the system takes the form
Here we use the following notations
The solution of system (16) may be represented in the form
where ∆ is the principal determinant of the system
and ∆ n is the determinant of the matrix which is obtained from the basic matrix by replacing of n-th column with the column of absolute terms
Taking into account Eq. (17), we can represent the transmission amplitude in the form
We note that Eq. (14) of the Green function G ρ (ϕ, ϕ j ; E), we obtain the following equation for transmission amplitude t:
Here
and ∆ϕ = ϕ 3 − ϕ 2 .
131
Equation (21) 
134
As it follows from Eqs. (21)- (25) (21) in the Taylor series up to the first-order terms. After some simply algebra we obtain the following asymptotic expression for the transmission amplitude in the vicinity of
where
159 Equation (26) shows that the transmission coefficient does not vanish at E = E 0 m in presence of the impurity if sin m∆ϕ = 0. However, the zero of transmission at E = E 0 m is conserved if the position of impurity satisfies the condition sin m∆ϕ = 0 (Fig. 2b) . The transmission amplitude near E = E 0 m may be represented in the form
Equation (27) shows that transmission coefficient has the form of asymmetric 160 Fano resonance [25] in the vicinity of E 0 m .
161
The peak of the Fano resonance corresponds to the pole E is shown in (Fig. 3) . One can see that transmission coefficient has no zeros 173 in absence of the impurity (Fig. 3a) , as it was shown in previous studies [5] .
174
The presence of the impurity leads to decrease of oscillating maxima and
175
appearing of Fano resonances (Fig. 3b) . The following approximate expression for κ m may be obtained if | sin(n∆ϕ)| ≪ 1:
The corresponding electron energy is given by
Let us consider the behavior of the transmission amplitude in the vicinity of E (z)
m . For this purpose we expand the numerator and the denominator of t(k) in Eq. (21) in the Taylor series near k m = m/ρ neglecting the second order terms with regard to sin m∆ϕ. Then we get the following approximate equation for t(k):
Now we introduce the following notations:
and
Then we obtain the following equation for the transmission amplitude in the vicinity of κ m
One can see from Eq. m occurs (Fig. 4) . It should be mentioned that the similar result 181 was obtained in Ref. [7] in the framework of the scattering matrix approach.
182
We note that the Fano resonance near E Let us consider now the system with contacts attached at arbitrary points (ϕ 2 − ϕ 1 = π). The transmission amplitude in this case is given by 
If the ring has no impurities and the magnetic field is absent then Eq. (39) takes the form
whereF 1 (k, 0) is given bỹ
Equation (45) The presence of the impurity leads to shift of transmission zeros from the values kρ = n (Fig. 6 a) the second mechanism is caused by decrease in symmetry.
224
We mention that the transmission reaches maximal value when the system 225 has mirror symmetry. In particular, the height of the conductance peak is 
Discrete levels in the continuum

229
It is known [26, 27, 28, 29] that the collapse of the Fano resonance is accompanied by appearance of the discrete level in the continuous spectrum. This level corresponds to localized state on the ring. The wave function ψ d ρ corresponding to this state has to satisfy the boundary conditions (6) and (10) and vanish at the points of contacts
If the electron energy coincides with the eigenvalue E η m of the Hamiltonian H ρ then the wave function is a linear combination of the corresponding eigenfunctions. The eigenvalues E η m are non-degenerated if 2η is not integer. In this case, the eigenfunction has the form
The function ψ m ρ (ϕ) has no zeros and therefore it does not satisfy the condi-230 tion (47).
231
At integer and half-integer values of the magnetic flux η the eigenvalues E η m are double-degenerated. The general form of the wave function for these cases is given by
where C 1 and C 2 are some coefficients. It is easy to obtain the function of the form (49) which vanishes at ϕ 1 = 0
According to Eq. (47) the function ψ d ρ (ϕ) has to vanish at the point ϕ 2 . Since the wave function (50) is smooth it has to vanish at the point ϕ 3 to satisfy the boundary condition (6) . Therefore the discrete level appears in the continuous spectrum if the wave function given by Eq. (50) has zeros at all perturbation points on the ring. Positions of the impurity and the second contact corresponding to the collapse of the Fano resonance at E η m are given by the following equations
where n 2 and n 3 are arbitrary integer numbers. Equation (51) 
234
In the case of E = E η m the wave function corresponding to the discrete level should have the form
Applying the boundary condition (6) to the function (52) we obtain the equation
determining the energy of the discrete level associated with the impurity. In the case of the zero magnetic field Eq. (53) is written in the form
However Eq. (53) is not enough for appearance of the discrete level in the case of attached leads. The condition (47) has to be satisfied in addition to Eq. (53). That means the contacts should be situated at zeros of the function (52). Applying the boundary conditions (47) to the wave function (52) we obtain the conditions of appearance of the discrete level
This equation is valid only at special positions of the impurity and at special (Fig 7b) .
254
The wave function of the discrete level associated with the collapse in the case of two impurities at E = E η m has the form
The energy of the discrete level is defined by the equation The condition (47) should be satisfied in addition to Eq. (57). At zero magnetic field, the Green function G(ϕ, ϕ j , E) has the property
Taking into account Eq. (58), one can see that the wave function
satisfies the boundary condition (47) at arbitrary energy. Therefore the pres- as a result of interaction between discrete level and continuous spectrum.
295
The necessary condition of appearing of the Fano resonance in the quantum 
300
The discrete level immersed in the continuous spectrum arises in this case.
301
In particular, collapse of the Fano resonance in the vicinity of the discrete by decrease in symmetry.
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